Background/Aims: Chronic cerebral hypoperfusion (CCH) is a high-risk factor for vascular dementia and Alzheimer's disease. Autophagy plays a critical role in the initiation and progression of CCH. However, the underlying mechanisms remain unclear. In this study, we identified the effect of a microRNA (miR) on autophagy under CCH. Methods: A CCH rat model was established by two-vessel occlusion (2VO). Learning and memory abilities were assessed by the Morris water maze. The protein levels of LC3, beclin-1, and mTOR were detected by western blotting and immunofluorescence assays, miR-96 expression was assessed by real-time PCR, luciferase assays were used to determine the effect of miR-96 on the 3′ untranslated region (UTR) of mTOR, and the number of autophagosomes was examined by electron microscopy. Results: The level of miR-96 was significantly increased in 2VO rats, and inhibition of miR-96 ameliorated the cognitive impairment induced by 2VO. Furthermore, the number of LC3-and beclin-1-positive autophagosomes was increased in 2VO rats, and was decreased after miR-96 antagomir injection. However, the protein level of mTOR was 
Introduction
Senile dementia is a progressive cognitive impairment that is mainly classified as Alzheimer's disease (AD), vascular dementia (VaD), and other common types of dementia. VaD and AD often coexist in aged populations with dementia [1] . There is evidence that chronic cerebral hypoperfusion (CCH) contributes to the pathogenesis of both VaD and AD, which induces Aβ aggregation, tau hyperphosphorylation, oxidative stress, synaptic dysfunction, and autophagy dysfunction [2, 3] .
Autophagy is an essential lysosomal degradation pathway that clears misfolded proteins and damaged organelles in cells [4, 5] . In neurons, autophagy is responsible for the homeostatic pathway [6, 7] , and is also associated with CCH induced by two-vessel occlusion (2VO) surgery. For example, the accumulation of autophagic vacuoles and elevated microtubule-associated protein 1 light chain 3 (LC3) levels were found in the cortex of 2VO rats at 2 weeks after surgery [8] . Liu et al. reported that the level of LC3 was significantly increased in both the cortex and hippocampal CA1 area of 2VO rats at 5 weeks after surgery, and GABA receptors reversed the neuronal damage by activating autophagy [9] . These studies suggested that autophagy may play a critical role in CCH-induced brain damage. However, the detailed mechanisms of CCH-induced autophagy dysfunction are not understood clearly.
MicroRNAs (miRNAs) are endogenous non-coding RNAs that regulate gene expression at the post-transcriptional level. Numerous studies have reported that miRNAs are involved in CCH-induced dementia. For example, miRNA (miR)-195 protects against dementia by regulating the expression of BACE1 and APP and activating Cdk5/p25 and tau phosphorylation [10, 11] . MiR-9 expression led to the dysfunction of Nav1.1 and Nav1.2 by targeting Navβ2 in rats under CCH [12] . In addition, increasing evidence suggests an important role for miRNAs as mediators of autophagy. For example, miR-299-5p modulates autophagy and apoptosis by targeting ATG5, and miR-299-5p overexpression improves the cognitive impairment of APPswe/PS1dE9 mice [13] . CCH lead to upregulate the level of miR-27a at 2 weeks after 2VO surgery. MiR-27a induces dysfunction of the autophagic-lysosomal system by LAMP2, which is a key factor for autophagosome-lysosome fusion [14] . However, whether miR-96 participates in CCH-induced autophagy dysfunction is not understood fully.
In this study, we established a CCH rat model induced by 2VO to examine whether the abnormal expression of miR-96 is associated with CCH-induced autophagy dysfunction at the post-transcriptional level, and to investigate the correlation between miR-96, autophagy, and cognitive impairment in CCH.
Materials and Methods

2VO surgery
Male Sprague-Dawley rats were obtained from the Animal Center at the Second Affiliated Hospital of Harbin Medical University and housed in a room with a constant humidity of 55 ± 5%. The CCH rat model was induced by 2VO surgery as described previously [15, 16] . Briefly, after anesthetization, the common carotid arteries of the rats were exposed, and 5-0 silk sutures were used to perform permanent ligation. The rats were returned to their cages and were sacrificed at 2 months after 2VO surgery for further experiments. [10] . Site A was AP, −4.8 mm; ML, ±3.0 mm; and DV, −3.5 mm. Site B was AP, −4.8 mm; ML, ±5.2 mm; and DV, −5.0 mm. To avoid backflow, the needle was left for an additional 2 min after injection.
Morris water maze
A Morris water maze (MWM) hidden platform test was performed at 8 weeks after 2VO surgery as described previously [17, 18] . Briefly, the maze was divided into 4 quadrants, and the 20-cm diameter platform was located in the first quadrant. The maze was filled with opaque water by adding black nontoxic food pigment. Before training, the pupillary light reflex was tested, and disabled rats were excluded. On the first day, the rats were placed into the water facing the pool wall and left to find the hidden platform. The rats that did not find the platform within 120 s were guided by the researcher to the platform and allowed to rest on it for at least 20 s. Over the next 4 days, the rats were allowed to find the hidden platform. The probe trial session was conducted for each rat on the sixth day. During this test, the hidden platform was removed from the first quadrant, and then the rats were allowed to swim freely from the third quadrant. Swim time was limited to 120 s, and the number of rats crossing the first quadrant and the percentage of time spent swimming in the first quadrant were recorded and analyzed.
Western blot analysis
Proteins samples were extracted from the hippocampus of rats or primary neurons, which were lysed with RIPA buffer containing 1% protease inhibitor cocktail. After measuring the protein concentration of the samples, the proteins were separated on a sodium dodecyl sulfate gel and then transferred onto a polyvinylidene fluoride membrane. After incubation in 5% non-fat dry milk for 2 h, the membrane was incubated with the primary antibodies for anti-LC3 (1:1000; L7543; Sigma, USA), anti-beclin-1 (1:200; sc-11427; Santa Cruz Biotechnology, USA), anti-mammalian target of rapamycin (mTOR) (1:500; 2983; Cell Signaling Technology, USA), and β-actin (1:500; sc-47778; Santa Cruz Biotechnology, USA) at 4 °C overnight. The bands were captured on a BioSpectrum Imaging System and quantified with Quantity One software by normalizing to β-actin.
Real-time RT-PCR analysis
Total RNA was extracted from the hippocampus of rats or primary neurons using the TRIzol reagent (Invitrogen, Carlsbad, CA) according to manufacturer's instructions. Total RNA was reverse transcribed by SYBR® Green Real-time PCR Master Mix (Toyobo, Osaka, Japan). The PCR was conducted as follows: 95 °C for 60 s, followed by 40 cycles of 95 °C for 15 s, 60 °C for 15 s, and 72 °C for 45 s. U6 was used as an internal control.
Primary neuron culture
The brains were removed from postnatal day 0 rat pups. After dissection and trituration, the cells were plated on 6-well plates pre-coated with poly-L-lysine (0.1 mg/mL) at a density of 2.0 × 10 6 cells/well. The cells were cultured in Neurobasal medium A with 2% B27 supplement, 0.5 mm L-glutamine, 100 U/mL penicillin, and 100 mg/mL streptomycin . The culture medium was changed every 3 days. 
Luciferase assays
The 3′ untranslated regions (UTRs) of wild-type and mutant mTOR were synthesized by Sangon Biotech Co., Ltd. HEK293-T cells were cultured and transfected with miR-96 mimics using Lipofectamine™ 2000 (Cat.no: 11668027, Invitrogen, USA) according to the manufacturer's instructions. After transfection for 48 h, a dual luciferase reporter assay kit was used to detect luciferase activity according to the manufacturer's instructions.
Statistical analysis
All data are expressed as the mean ± standard error of the mean. Day-by-day comparisons in the MWM were assessed by factorial analysis of variance (ANOVA) with a post hoc test between different groups; oneway ANOVA with Tukey's post hoc test was applied for statistical comparisons. P < 0.05 was considered statistically significant.
Results
Inhibition of miR-96 mitigates the learning and memory deficits induced by CCH
We examined the changes in the level of miR-96 in the hippocampus of rats after 2VO surgery. As illustrated in Fig. 1 , the level of miR-96 was markedly increased in the 2VO group as compared to the sham group. Antagomir-96 was injected directly into the bilateral hippocampus subfields. After 8 weeks, the level of miR-96 was significantly decreased, as demonstrated by real-time PCR analysis.
The MWM test was used to identify the role of miR-96 in the rat model of 2VO. By analyzing the swimming distance day by day, we found that the 2VO rats swam a longer distance to the hidden platform than the sham rats, which was reversed by antagomir-96 injection, indicating that the ability to learn to use cues as navigational guides in Antagomir-96 injection rats had improved (Fig. 2A) .138, P = 0.011. The probe trial showed that both platform crossings and time spent in the target quadrant were increased in the Antagomir-96 injection rats as compared with the 2VO group, indicating that the memory impairment of 2VO rats was mitigated by miR-96 inhibition (Fig. 2C  and 2D ). Taken together, these results suggested that inhibition of miR-96 improved the learning and memory abilities of 2VO rats.
Effect of miR-96 on autophagy under CCH in vivo
To identify further the mechanism underlying the effect of miR-96 on the learning and memory deficits induced by CCH, we examined changes of autophagy, which have been reported with both CCH and miRNAs under different pathophysiological conditions. The number of autophagosomes was increased by 2VO, which was reversed by Antagomir-96 injection (Fig.  3A) . Moreover, LC3, a marker of autophagosomes, was significantly increased in the hippocampus of 2VO rats. In contrast, the level of LC3 was markedly downregulated by Antagomir-96 injection, as demonstrated by western blot and immunofluorescence assays (Fig. 3B and 3C ). As shown in Fig. 3D , the level of beclin-1 was also increased in 2VO rats, which was reversed by Antagomir-96 inhibition, suggesting that inhibition of miR-96 could inactivate autophagy, at least partly, in rats under CCH. 
MiR-96 regulates mTOR expression in vivo and in vitro
To assess further the molecular mechanism underlying the effect of miR-96 on autophagy, we detected changes in the level of mTOR, which is involved in CCH and negatively regulates autophagy by inhibiting downstream ATG genes. As illustrated in Fig. 4 , the level of mTOR was reduced by 2VO and induced by Antagomir-96 injection. Next, we examined whether miR-96 could regulate the expression of mTOR. A miRNA database indicated that the 3′-UTR of mTOR carries binding sites for miR-96, suggesting that mTOR may be a potential target of miR-96 (Fig. 5A) . Therefore, the relationship between miR-96 and mTOR was identified by gain-and loss-offunction approaches. As shown in Fig. 5B , miR-96 could inhibit the luciferase activity of mTOR, and this effect was reduced by mutating the miR-96 binding sites. To examine whether changes of miR-96 could affect mTOR expression, miR-96 mimics and Antagomir-96 were transfected into neurons. The successful transfection of miR-96 and Antagomir-96 in neurons was confirmed by real-time PCR (Fig. 5C ). As compared with the control group, the protein level of mTOR was downregulated by miR-96 overexpression. Conversely, inhibition of miR-96 by Antagomir-96 upregulated the protein level of mTOR (Fig. 5D ), indicating that mTOR is a target of miR-96. 
Discussion
This study showed that the level of miR-96 was increased in rats following CCH. Inhibition of miR-96 ameliorated the cognitive impairment induced by 2VO, as detected by the MWM, and reduced the activation of autophagy, as evidenced by the decreased levels of LC3 and beclin-1 and reduced number of autophagosomes. Furthermore, miR-96 regulated the expression of mTOR in vivo and in vitro. Therefore, this study revealed a novel molecular mechanism of CCH at the miRNA level and highlighted a potential role for miR-96 as a therapeutic target for CCH.
Autophagy is a lysosomal degradation pathway for the removal of damaged cellular components and plays a critical role in cellular homeostasis, especially in neurons [19, 20] . However, autophagy is a double-edged sword since defective or excessive autophagy may induce cell death [21, 22] . Many studies have reported that autophagy is essential for cells in response to fluctuating environments during acute ischemia or CCH. For example, the level of LC3 is increased at 2 or 5 weeks after CCH [8, 9] . In addition, the levels of LC3 and beclin-1 and the number of autophagosomes are increased at 8 weeks after 2VO surgery. These observations suggest that autophagy is associated with the pathological process of CCH and may be a potential target for VaD or AD.
mTOR is a pivotal protein kinase for the regulation of cellular metabolism and can induce neuronal growth and long-term potentiation [23, 24] . Previous studies have shown that mTOR is involved in CCH. For example, L-carnitine enhanced axonal plasticity and ameliorated cognitive impairment by regulating the Pten/Akt/mTOR signaling pathway in rats at 28 days after chronic hypoperfusion [25] . In addition, mTOR is a suppressor of autophagy, and its inhibition is necessary for the initiation of autophagy. However, previous studies have shown that the accumulation of Aβ was increased and p-Tau was elevated during CCH. In turn, mTOR signaling activity was decreased and autophagy was impaired due to Aβ accumulation. It is possible that CCH, at least partially, results in a deficiency of autophagy and in turn accelerates the development of AD or VaD. The present study found that the level of mTOR was decreased in the brain of 2VO rats at 8 weeks after ligation, which is similar to the finding of a previous report [26] .
Recently, miRNAs have been demonstrated to play a critical role in regulating autophagy by modulating the levels of autophagy-related factors. For example, miR-449a could target Bcl-2 to regulate autophagy for inhibiting silica-induced pulmonary fibrosis [27] . MiR-21 could inhibit autophagy and apoptosis induced by hypoxia/reoxygenation injury through the Akt/mTOR signaling pathway [28] . MiR-23b could directly target the 3′-UTR of ATG12 and improve the cognitive impairments induced by traumatic brain injury [29] . The increase in the level of miR-96 in the present study indicates that it could regulate the expression of mTOR in vivo and in vitro. In addition, inhibition of miR-96 could ameliorate the cognitive impairment of rats suffering from CCH.
Taken together, the findings of this study showed that inhibition of miR-96 could regulate the expression of mTOR, inactivate autophagy, and ameliorate cognitive impairment, suggesting a novel mechanism to prevent cognitive impairment due to the autophagy response, indicating that miR-96 may be an endogenous target for VaD or AD.
